Abstract Phlorotannins have received much attention due to their ecophysiological importance and potential applications in the biotechnology and food industries. Antioxidant activity studies in seaweeds have mainly focused on in vitro assays; however, there is a paucity of data regarding the effect of brown algal phlorotannins on living cultured cells. The aim of the present study was to investigate both direct and protective effects of phlorotannin-rich extracts on cell viability and the cellular oxidative status of cultured liver cells HepG2 against oxidative stress induced by tert-butyl hydroperoxide (t-BOOH). Extracts of the Phaeophyceae Ascophyllum nodosum (Fucaceae) and Himanthalia elongata (Himanthaliaceae) were submitted to gastrointestinal digestion prior to incubation for 20 h in a HepG2 culture at physiological concentrations (0.5-50 μg mL
Introduction
Seaweeds have been a staple item of the human diet since prehistoric times in many countries (e.g. Chapman 1970 ). For example, in Japan, the remains of brown algae have been excavated in archaeological sites dating about 10,000 years (Arasaki and Arasaki 1983) . The fucalean brown algae, Ascophyllum nodosum (Linnaeus) Le Jolis and Himanthalia elongata (Linnaeus) S.F. Gray, are common on sheltered and semiexposed shores of the NE Atlantic, respectively. Ascophyllum is currently the mainstay of the Irish seaweed industry, with around 20,000 t fresh weight (FW) harvested every year, used mainly for alginate extraction, animal feed and fertiliser (Guiry and Blunden 1991) . Both Ascophyllum and Himanthalia are listed in the regulation EC 258/97 regarding novel foods (EC 1997) and are reported to be rich in phlorotannins (PT) (Zubia et al. 2009 ). PT are phenolic compounds exclusively found in brown seaweeds. Recently, PT have received much attention both due to their ecophysiological importance and potential applications in the biotechnology and food industries (Shibata et al. 2008) . PT are oligomers and polymers of phloroglucinol (1,3,5-trihydroxybenzene) and may accumulate in algae up to about 20 % dry weight (Ragan and Glombitza 1986) . These phenolic compounds have molecular weights ranging from 320 to 400,000 Da in Ascophyllum and generally include fucols, phlorethols, fucophlorethols, fuhalol, isofuhalol, eckols as well as halogenated and sulphated PT (Glombitza and Grobe-Damhues 1985) . Phenolic compounds in brown seaweeds play important roles in the protection of algae against marine grazers (Ragan and Glombitza 1986; Targett and Arnold 1998) , in counteracting both the direct and cytotoxic effects of UV radiation (Swanson and Druehl 2002) , as antibacterial defence (Sandsdalen et al. 2003) , as antifungal defence (Lee et al. 2010) , as algicide and as detoxification of heavy metal ions (Ragan and Glombitza 1986) . Additionally, they have been reported to inhibit enzymes such as phospholipase A, lipoxygenase and cyclooxygenase-1 . Thus, PT contribute to algal fitness and could represent an important source of bioactive molecules in fields such as medicine, nutrition and cosmetology.
As is true of many other phenolic compounds, PT are potent chemoprotective agents because of their intense antioxidant capabilities. Studies on the antioxidant activity of a wide range of seaweeds have mainly focused on in vitro assays. Although knowledge about this family of compounds is expanding (Cornish and Garbary 2010; Kim et al. 2011) , there is a paucity of data regarding the direct and protective effect of PT on various cellular markers of the oxidative damage on living cultured cells. In a study carried out with phloroglucinol, the monomeric unit of PT, which has been identified in Himanthalia, but which is not common in brown algae, showed a cytoprotective activity in lung fibroblasts (Kang et al. 2006) . Other authors have reported that extracts from edible seaweeds exhibit anticarcinogenic activity in both cell cultures of fibroblasts (Okai et al. 1994 ) and experimental models of mouse skin tumorigenesis (Higashi-Okai et al. 1999) . However, no previous study has dealt with the potential cytoprotective effect of Ascophyllum and Himanthalia extracts on liver cells. Also, it has not been previously taken into account that a gastrointestinal digestion step in vitro is required in order to simulate physiological conditions.
The liver is particularly susceptible to toxic and oxidative damage as the portal vein brings blood directly to this organ after intestinal absorption. The absorbed drugs and xenobiotics in a concentrated form can cause free radicalmediated damage that may result in inflammatory and fibrotic processes (Jaeschke et al. 2002) . Studies examining the effect of antioxidants at a physiological level in the liver of live animals and at a cellular level in cultured hepatic cells are thus necessary. Human hepatoma HepG2 is an established cell line widely used for biochemical and nutritional studies as a cell culture model of human hepatocytes since they retain their morphology and most of their function in culture (Goya et al. 2007a) . Different cell culture studies have demonstrated that diverse polyphenolic antioxidants are absorbed and metabolised by HepG2 cells in culture (Mateos et al. 2005 (Mateos et al. , 2006 . HepG2 cells are able to express antioxidant defence enzymes such as catalase, glutathione peroxidase and glutathione reductase on a par with or better than that of primary human hepatocytes (Alía et al. 2006a, b) . Thus, in this study, the HepG2 cell line was utilized to screen for both the direct and hepatoprotective activity of Ascophyllum and Himanthalia extracts rich in PT against an oxidative challenge.
Materials and methods
The chemicals and solvents used were of analytical grade available commercially unless otherwise specified. The glutathione S-transferase (GST) assay kit was purchased from Biovision K260-100 (Mountain View, CA, USA).
Samples were collected in December 2008, at Finavara (53°9′3 N, 9°8′5 W), Co. Clare, Ireland, a semi-exposed site on the Midwest coast. The site is described by De Valéra et al. (1979) . The unusual structure of the reef allowed for the collection of both A. nodosum and H. elongata at the same site, something that is normally difficult to achieve. Both seaweeds will be referred to as Ascophyllum and Himanthalia since they are monospecific.
Extraction of PT and estimation of phenolic content
The extraction of PT was carried out following the method of Connan et al. (2004) , with modifications. The fresh algal material was rapidly rinsed in order to remove undesirable material (such as salt, sand and epiphytes) and then blotdried on paper towels. Samples were weighted in triplicate to determine the dry weight ratio of each species. Five grams FW of clean algae was chopped, ground to powder in a mortar with liquid N and suspended in 75 mL methanol/ H 2 O (60:40, v/v). The suspension was homogenised with an Ultra Turrax (IKA, Germany) at 24,000 rpm for 1 min. The homogenate was then extracted twice for 2 h at 40°C, in the dark, under neutral atmosphere and magnetic stirring. After centrifugation (15 min, 8,150×g , room temperature), the supernatant was collected and its volume measured. A 500-μL aliquot was retained to assess total phenolic content. After the second extraction, the pellet was discarded and the two supernatants were pooled and partially evaporated under vacuum in the dark (35°C, 150-200 rpm) prior to freeze drying. The crude extracts were kept in the dark at 4°C. The estimation of the total phenolic content was performed by the Folin-Ciocalteu method using a UV/Visible spectrophotometer (λ0750 nm; Sanoner et al. 1999) . The results were expressed as phloroglucinol equivalents (PGE) to facilitate comparison with previous reports.
Gastrointestinal digestion
The simulated gastrointestinal digestion was carried out following the methods of Ames et al. (1999) . The samples consisted of 250 mg of lyophilised crude extracts from Ascophyllum and Himanthalia and 250 μL H 2 O for the blank. All samples were dissolved in 4 mL H 2 O and adjusted to pH 2.0 with 0.1 M HCl. After adding 0.5 mL of freshly prepared pepsin solution (200 mg in 5 mL of 0.1 M HCl), the mixture was incubated for 1 h at 37°C under constant agitation. After the gastric digestion step, the sample was adjusted to pH 6.9 using 0.1-1 M NaHCO 3 and 1 mL of a pancreatinin/bile extract solution (50 mg pancreatinin and 300 mg bile extracts in 10 mL of 1 M NaHCO 3 ) was added before incubating 2 h at 37°C under constant agitation. At the end of the gastrointestinal digestion, the samples were cooled down and adjusted to pH 2.0 to inactivate the enzymes. The digested samples were centrifuged 1 h at 2,040×g and 4°C. The supernatant was collected, filtered through 0.45-μm diameter pores, brought up to 10 mL and aliquoted. A dialysis step was performed in order to remove the remaining salt from the digestion. The molecular weight cutoff of the dialysis membrane was 1,000 Da, and the dialysis was carried out for 48 h at room temperature against deionised water. The dialysates were then aliquoted and kept at −20°C until the assays in HepG2 cells.
Cell culture
Human hepatoma HepG2 cells were a kind gift from Dr Paloma Martin-Sanz (Instituto de Investigaciones Biomedicas, CSIC, Madrid, Spain). The cells were maintained in a humidified incubator containing 5% CO 2 and 95% air at 37°C. They were grown in DMEM F-12 medium from Biowhitaker (Innogenetics, Madrid, Spain), supplemented with 2.5% Biowhitaker foetal bovine serum (FBS) for HepG2 with an additional 50 mg L −1 of each of the following antibiotics: gentamycin, penicillin and streptomycin (Sigma, Spain). Plates were changed to FBS-free medium before the beginning of the assays as the serum might interfere in the running of the assays and affect the results. Moreover, a fairly good growth was observed in the FBS-free medium (Alía et al. 2006a ).
Cell treatment conditions
All assays were conducted using the digested and dialysed phlorotannin-rich extracts of Ascophyllum and Himanthalia.
Cells were incubated for 20 h with the extracts. To assess both the direct and protective effects of the extracts against oxidative stress, two types of experiments were designed (Goya et al. 2007a ). The direct effect of algal extracts on the cellular markers was assessed immediately after the incubation period, whereas for the assessment of the protective effect, the incubation period was followed by a 3-h treatment in an oxidative environment with a prooxidant (tert-butyl hydroperoxide, t-BOOH) at 400 μM. For both assessments, a number of assays on various biomarkers were applied.
Evaluation of cytotoxicity

LDH leakage
Cells were plated in 60-mm diameter plates at a concentration of 1.5×10 6 cells per plate, and the assay was carried out when plate coverage reached 70-80 %. The day before the assay, the concentrations of extracts diluted in the serumfree medium were added with a minimum of n 04 per condition. After 20 h of incubation, the culture medium and cells were collected separately and kept on ice. Cells were sonicated for 10 min in an ice bath prior to centrifugation (2,515×g, 10 min, 4°C). The culture medium and the supernatant from cellular lysis were analysed respectively on both halves of 96-well plates. In each well, 10 μL of the sample and 200 μL of the reaction mix (2 mg mL −1 NADH in 1 mM KOH/0.08 M pyruvate/1.35 M Tris) were added. Absorbance (λ0340 nm) was immediately measured at t00 and t05 min. The leakage was expressed as the ratio between the activity in the medium and that of the medium plus cell content (Alia et al. 2006b ).
Crystal violet assay
Cells were seeded in 96-well plates with 100 μL of the culture medium, conditions as described above for the lactate dehydrogenase (LDH) leakage assay. Cells were washed up with 200 μL of PBS and incubated with 50 μL crystal violet for 20 min at 37°C. The wells were then washed three times with 200 μL of distilled water. Finally, cells lysis was carried out in 100 μL 1 % SDS and the absorbance read at λ 0560 nm in a microplate reader (FL600, Bio-Tek, Winooski, VT, USA). The results were presented as a percentage of viable cells (Granado-Serrano et al. 2007 ).
Determination of ROS generation
Cells were seeded in 24-multiwell plates (2×10 5 cells per well), conditions as described above for the LDH leakage assay. On the day of the assay, 10 μL of the fluorescent probe (DCFH-DA) was added under reduced light to each condition at a final concentration of 5 μM and incubated for 30 min in the dark. The medium plus condition was then discarded and cells were rinsed in 1 mL PBS. For the direct effect of seaweed extracts, the plate was immediately read for fluorescence (t-BOOH was used as a positive control), whereas for the protection effect, each well was filled with 0.5 mL t-BOOH (400 μM) in the serum-free culture medium, except the control which was filled up with the serumfree culture medium. The production of intracellular reactive oxygen species (ROS) was followed over 90 min, and the control was attributed the index value of 100. A set of wells (n04) in each 24-multiwell plate was treated with a prooxidant (t-BOOH, 400 μM), able to generate ROS, as a positive control. Both control and t-BOOH values were pooled from two multiwell plates to obtain an average of n08. Fluorescence was read at E x /E m 0485/530 nm (Alia et al. 2006b ) in a plate reader (FL600, Bio-Tek).
Quantification of concentration of GSH
The content of reduced glutathione (GSH) was quantified by the fluorometric assay of Hissin and Hilf (1976) . The method is based on the reaction of the reduced GSH with o-phtalaldehyde (OPT) at pH 8.0. Cells were seeded onto 100-mm Petri dishes. Conditions were set as described for the LDH leakage assay (n04). The cells collected in PBS were centrifuged at 400×g for 10 min at 4°C. The supernatant was discarded, whilst the pellet was resuspended in 250 μL TCA/EDTA (5 mM) and sonicated for 10 min in an ice bath. The result of the cell lysis was then centrifuged at 10,060×g for 10 min at 4°C. The supernatant was kept frozen at −20°C until analysis. The day of the assay, the supernatants from cellular lysis were thawed at room temperature and 50 μL of each sample was transferred in triplicate in a 96-multiwell plate. The reaction mix in each well consisted of 15 μL of 1 M NaOH, 175 μL sodium phosphate buffer/EDTA and 10 μL of a 10 mg mL −1 OPT solution. The fluorescence was read after 20 min in the dark (E x /E m 0340/460 nm) in a plate reader (FL600, Bio-Tek).
Determination of activity of antioxidant enzymatic defences
The determination of the glutathione peroxidase (GPx) activity was based on the oxidation of the reduced GSH by GPx, using t-BOOH as a substrate, coupled to the disappearance of NADPH by glutathione reductase (GR) (Günzler et al. 1974) . GR activity was determined by following the decrease in absorbance due to the oxidation of NADPH utilized in the reduction of oxidized glutathione (Goldberg and Spooner 1987) . The maximum absorption of NADPH is obtained at 340 nm. The determination of GST activity utilizes monochlorobimane (MCB), a dye that responds to the presence of glutathione. The free form of MCB is almost nonfluorescent, whereas the dye fluoresces blue (E x /E m 0380/ 461 nm) when it reacts with glutathione. GST catalyses the MCB-glutathione reactions and the fluorescence levels are proportional to the amounts of GST involved in the reaction.
Evaluation of malondialdehyde levels
Intracellular levels of malondialdehyde (MDA) were evaluated using high-performance liquid chromatography after the collection of the cells, hydrolysis of MDA from intracellular proteins and derivatisation of MDA with 2,4-dinitrophenylhydrazine as described by Mateos et al. (2004) . Conditions were set as described for the LDH leakage assay (n06); two plates having received the same treatment were pooled to increase the MDA concentration per condition. Values are expressed as nmol MDA mg
protein.
Protein quantification
The protein concentration in the supernatant from cellular lysis was determined using the Bradford reagent with a UV/Visible spectrophotometer (λ0595 nm). The concentration was expressed as μg of protein (γ-globulin equivalent) per μL of supernatant.
Statistics
Data were tested for homogeneity of variances using Levene's test. The results were analysed using one-way analysis of variance followed by a Bonferroni post hoc test when the variances were homogeneous and a Tamhane post hoc test when the variances were not. The level of significance was p<0.05.
Results
The total PT contents were 6.66±0.70 and 2.79±0.55 % DW PGE for Ascophyllum and Himanthalia, respectively. An estimation of PT levels in the serum was necessary to estimate the physiological range of concentrations in our assays. Estimations were based on the consumption of brown algae in a typical Japanese diet as similar data for Western diets are scarce; consumption of brown algae in the West is currently small, although increasing. The data for Japanese brown seaweed consumption used were as reported in Arasaki and Arasaki (1983) . The physiological concentrations were worked out according to the consumption of brown algae, the PT content, the volume of serum and previous cell culture studies on the biological effect of plant extracts (Martín et al. 2008; Kang et al. 2006) . The digested-dialysed extract stock solution was diluted with distilled water to 0.5, 5 and 50 μg mL −1 for the assays in HepG2 cells, except for the cytotoxicity assays where greater concentrations (from 100 to 1,000 μg mL −1 ) were tested.
Direct effect of seaweed extracts
The leakage of LDH in the medium showed no significant differences with the control for the digested and dialysed extract of Himanthalia (Fig. 1a) . However, a concentration of 50 μg mL −1 of Ascophyllum extract exhibited a significant reduction in the LDH leakage. The crystal violet assay was performed in order to assess cell viability at high concentrations of algal extracts. Cells were incubated in concentrations ranging from 0.1 to 1,000 μg mL −1 ; it should be noted that the highest concentrations, 100-1,000 μg mL −1 , were out of the estimated physiological range. Increasing concentrations of digested-dialysed extracts did not affect HepG2 cell viability as the levels remained similar to those of protein (b) and mUnits GST mg −1 protein (c). Values as the means± SD, n04. Different letters indicate statistically significant differences (p<0.05) among different groups the control even at the non-physiological concentration of 1,000 μg mL −1 (data not shown). These data indicate a lack of cytotoxicity at the concentrations tested for both extracts. The ROS levels were evaluated as an indicator of the cell redox status. Treatment with 5-50 μg mL −1 of Ascophyllum and Himanthalia extracts showed a significant reduction in ROS production compared with the control (Fig. 1b) . The concentration of reduced GSH was measured as an indicator of non-enzymatic antioxidant defence. The digested-dialysed extract of Ascophyllum showed a significant increase in GSH when compared with the control at 5 and 50 μg mL
, whereas a significant increase in the intracellular concentration of GSH was observed across the range of digested-dialysed extracts of Himanthalia, by a factor close to 2 in comparison to the control (Fig. 1c) .
The GR, GPx and GST activities were assessed as markers of enzymatic antioxidant defences. None of the concentrations of phlorotannin-rich extracts induced a significant modification in the activity of either GPx or GR (Fig. 2a, b, respectively) . However, a significant increase in the activity of GST was observed after treatment with the concentrations of 50 μg mL −1 for Ascophyllum and 5 μg mL −1 for Himanthalia (Fig. 2c) .
The level of MDA in the cytosol gives an indication of the cellular lipid peroxidation. During the assay, both seaweed extracts were able to drop the levels of MDA, with the highest decrease observed for Ascophyllum at 5-50 μg mL −1 and for Himanthalia at 50 μg mL −1
. Treatment with the lowest concentration of Ascophyllum extract did not show a significant decrease in MDA concentration (Fig. 3) .
This study of the direct effects of the seaweed extracts showed no significant cytotoxicity on HepG2 cells; moreover, some biomarkers gave evidence of a reduction of oxidative stress, such as a decrease in ROS generation, an increase in GSH concentration as well as a decrease in MDA levels.
Consequently, the cells seem to be in favourable conditions to face an oxidative challenge. Hence, a subsequent study, below, aimed at assessing the potential protective effect of phlorotannin-rich extracts when oxidative stress is chemically induced in HepG2 cells by a strong pro-oxidant agent, t-BOOH. The 3-h treatment with t-BOOH (400 μM) dramatically increased the leakage of LDH in the medium, indicating considerable damage to cellular integrity (Fig. 4a) . The 20-h pretreatment with 0.5-50 μg mL −1 of either Ascophyllum or Himanthalia did equally prevent cells from the intense cellular damage, although all conditions still exhibited statistical differences with the control, suggesting incomplete recovery to control value.
With respect to the production of intracellular ROS, only cells treated with the lowest concentration (0.5 μg mL −1 ) of digested-dialysed extracts of Ascophyllum (Fig. 4b) showed no significant differences with the t-BOOH-treated cells, indicating no protection from ROS enhancement. In addition, cells tested with 5-50 μg mL −1 of Ascophyllum extracts and all three concentrations of Himanthalia extracts maintained a basal generation of ROS even when submitted to a potent oxidative stress (Fig. 4b) . The intracellular concentrations of GSH dropped significantly (about 50 %) when the HepG2 cells were submitted to a 3-h oxidative stress with t-BOOH. Pre-incubation with 50 μg mL −1 of Ascophyllum extract showed some signs of recovery of cell GSH, but not for Himanthalia (Fig. 4c) . The presence of t-BOOH in the medium for 3 h induced a significant increase in the enzymatic activities for GPx, GR and GST (Fig. 5a-c, respectively) . When previously incubated for 20 h with algal extracts, the antioxidant enzymatic activities were maintained at the level of the control.
The indicator of lipid peroxidation severely increased when cells were submitted to t-BOOH for 3 h. Pretreatment with both extracts from both seaweeds showed a dose-response decrease of MDA levels inversely proportional to the concentration in the extracts. Pretreatment of HepG2 cells with 0.5 μg mL −1 of Ascophyllum showed a significant reduction as compared to the t-BOOH-treated cells, whereas no difference with controls was observed with 5-50 μg mL −1 of Ascophyllum (Fig. 6) . Pretreatment with 0.5 μg mL −1 did not decrease the t-BOOH-enhanced MDA concentration, whereas 5 μg mL −1 of Himanthalia reduced significantly the MDA; no statistical difference was found between cells treated with 50 μg mL −1 and the control cells (Fig. 6 ). 
Discussion
Brown seaweeds are widely consumed in Eastern countries as marine vegetable. In addition to the nutrient values of algae as foodstuffs, these natural products contain various types of compounds with bioactive properties (see Smit 2004 for a review), among them phenolic compounds and polysaccharides. Even though the latter have been reported to have anti-inflammatory, anti-proliferative and antioxidant activities (e.g. Zhao et al. 2004; Kuda et al. 2007 ), the polyphenolic fraction of natural vegetables should always be considered a relevant source of health effects due to their high antioxidant capacity. The main phenolic fraction of the brown seaweeds A. nodosum and H. elongata is represented by a high-molecular-weight PT (Audibert et al. 2010; Glombitza and Grobe-Damhues 1985; Ragan and Glombitza 1986 ). Tannins present a nonspecific ability to bind to proteins (Stern et al. 1996) , which increases the molecular weight of the conjugate and modifies its bioavailability. However, only the fraction of polyphenols whose protein moiety has been previously digested in the stomach and that is subsequently absorbed through intestine cells may reach systemic blood and, thus, the liver as the first target organ. Intestinal microflora may also contribute to protein-PT digestion and favour PT absorption in the colon. Consequently, in the present study, extracts obtained from the two seaweeds tested were submitted to protein digestion and dialysis in order to reproduce the gastrointestinal conditions for a nutritional approach. Considering the consumption of brown seaweed in East Asian countries, the phlorotannin content and previous studies (Martín et al. 2008; Kang et al. 2006) , the physiological concentrations selected for the assays were 0.5-50 μg mL −1 , which would be comparable to that of cocoa in Europe (Vinson et al. 2006) . Out study demonstrates that extracts from two different brown seaweeds containing mainly PT have the ability to protect human liver cells against an oxidative damage by modulating ROS generation, activity of antioxidant defences and MDA production.
The total PT content indicated that Ascophyllum contained levels that were 2.4-fold higher than those in Himanthalia. The higher PT content should theoretically confer Ascophyllum with a more potent antioxidant capacity and a better chemoprotective effect than Himanthalia in cells submitted to an oxidative challenge. However, the biological effects of polyphenols are also dependent on the interaction of these compounds with the cells, their association with cellular membranes which affects their permeation and uptake into cellular compartments (Spencer et al. 2004) . Thus, it is necessary to directly screen such potentials in the cellular systems before postulating potential biological activity. Although food phenolics may have potent antioxidant effects in vitro and in vivo, elevated doses of these dietary compounds may also be toxic and/or mutagenic in cell culture systems, and excessive consumption by mammals could cause adverse metabolic reactions (Lapidot et al. 2002) . Therefore, before testing the protective effect of the antioxidant extract, it is important to ensure that no direct damage is caused to the cell by the extract treatment. Thus, cell integrity and redox status were first determined in cells treated with different concentrations of seaweed extracts. Then, the response of the seaweed extract-conditioned cells to the challenge induced by a potent pro-oxidant was tested. Our previous studies demonstrated that treatment of these cells with t-BOOH was an excellent model of oxidative stress in cell culture (Goya et al. 2009 ).
The considerably reduced cellular production of ROS evoked by the seaweed extracts is in agreement with previous reports indicating a relevant ROS quenching for a phenolic extract from macroalgae in different cell lines (Kang et al. 2004; Zou et al. 2008; Kim et al. 2011) . Thus, treatment of cells with 5-50 μg mL −1 of both extracts managed to lower ROS levels at a similar rate to values below those of untreated control cells. This favourable condition observed in cells pretreated with the extracts positively helped them face the oxidative challenge. Hence, the considerable levels of ROS generated during the stress period are being capably quenched by the up-regulated antioxidant defences of cells pretreated with the extracts. The antioxidant defence system comprises non-enzymatic and enzymatic constituents and plays a crucial role in the defence against oxidative stress. Reduced glutathione is the main non-enzymatic antioxidant defence within the cell, as a substrate in glutathione peroxidase-catalysed detoxification of organic peroxides, by reacting with free radicals and by repairing free radical-induced damage through electron transfer reactions (Scharf et al. 2003) . It is usually assumed that GSH depletion reflects intracellular oxidation, whereas a moderately elevated GSH concentration could be expected to prepare the cell against a potential oxidative insult (Alía et al. 2006a, b; Scharf et al. 2003) . Previous reports mentioned that treatment of HepG2 cells with natural antioxidants has resulted in an increase of steady-state GSH concentrations (Alía et al. 2006a, b) , which has been explained by a specific effect of certain plant-derived food components stimulating glutathione synthesis (Scharf et al. 2003) . In the present study, the phenolic-rich composition of seaweed extracts may offer a plausible explanation for the enhanced GSH concentration after 20 h. Accordingly, the increase in GSH acquired by the cells after pretreatment for 20 h with extracts completely (as in the case of Ascophyllum 50 μg mL −1 ) prevented the dramatic depletion of the intracellular GSH stock induced by t-BOOH. The results imply that despite the increased consumption of GSH in the enzymatic and non-enzymatic quenching of ROS generated by t-BOOH, the levels of GSH in the extract-treated cells were still adequate to face a new challenge. A similar response has been reported for other dietary antioxidants (Alía et al. 2006b; Goya et al. 2007b; Martín et al. 2008) .
Changes in the activity of antioxidant enzymes can be considered as biomarkers of an antioxidant response (Alía et al. 2006a, b; Goya et al. 2007a, b; Martín et al. 2008) . A common feature of most of the implicated enzymes is the sequestration of ROS and/or maintenance of the cell and cellular components in their appropriate redox state. GPx catalyses GSH oxidation to GSSG at the expense of H 2 O 2 and/or other peroxides (Günzler et al. 1974) , and GR recycles oxidized glutathione back to reduced glutathione (Goldberg and Spooner 1987) . GST catalyses the conjugation of a variety of electrophilic xenobiotics with glutathione, facilitating their excretion and providing cellular protection against free radical and carcinogenic compounds (Rodríguez-Ramiro et al. 2011) . The enhanced activity of its enzyme defence is a cell requirement to face the increasing generation of ROS induced by the potent pro-oxidant t-BOOH (Goya et al. 2007b; Martín et al. 2008 ). However, a rapid return of the antioxidant enzyme activities to basal values once the challenge has been surmounted will place the cell in a favourable condition to deal with a new threat. In experimental conditions similar to those reported in this study, we have shown that the flavonoids quercetin (Alía et al. 2006b ) and epicatechin (Martín et al. 2010) , the olive oil phenol hydroxytyrosol (Goya et al. 2007b) , melanoidin-rich coffee extracts (Goya et al. 2007a ) and a cocoa phenolic extract (Martín et al. 2008) protect cell viability by preventing the severely increased activity of antioxidant enzymes induced by t-BOOH. In line with those results, we show in the present study, for the first time, that pretreatment of human cells with physiological concentrations of seaweed extracts prevents the persistent increase in the activity of GPx, GR and GST induced by oxidative stress. This outcome suggests that a decreased ROS production evoked by PT from the seaweed extracts whilst facing an oxidative insult reduces the enforced necessity of peroxide detoxification through GPx and GST and of GSH recovery from oxidized glutathione through GR. Thus, at the end of an induced stress period, the antioxidant defence system of cells pretreated with seaweed extracts has more efficiently returned to a steady-state activity, therefore diminishing cell damage and enabling the cell to deal with further oxidative insults in better conditions. MDA, a three-carbon compound formed by scission of peroxidized PUFAs, mainly arachidonic acid, is one of the main products of lipid peroxidation (Mateos and Bravo 2007) . Since MDA has been found elevated in various diseases thought to be related to free radical damage, it has been widely used as an index of lipoperoxidation in biological and medical sciences (Mateos and Bravo 2007) . In the present study, the significant decrease in steadystate MDA when cells were treated with seaweed extracts strongly suggested a reduced oxidative damage in cell lipids. Moreover, the t-BOOH-induced increase of MDA was partly or even completely (highest doses) avoided when cells were pretreated for 20 h with the seaweed extracts. Therefore, the rapid recovery of the redox homeostasis evoked by the pretreatment with seaweed extracts would ensure a low lipid peroxidation and negligible cell damage. This protection by different brown algal extracts against an induced lipid peroxidation in a cell culture is in line with previous studies that showed a similar effect by single polyphenols (Alía et al. 2006b; Goya et al. 2007b; Martín et al. 2010) or polyphenolic extracts (Martín et al. 2008) in cultured HepG2 cells.
Despite what we know now about the effect of seaweed extracts on antioxidant cellular markers, many questions remain unanswered regarding the effect of gastric and intestinal digestion on PT and their subsequent bioavailability. It is therefore necessary to build up knowledge on the detailed composition of the PT pool, before and after digestion, from the possible depolymerisation and liberation of phloroglucinol units and/or oligomers of phloroglucinol to the transport of the metabolised PT, whether free or conjugated. However, since the molecular mechanism of action of PT remains unknown, the significant protection of cell viability induced by PT-rich extracts from different seaweeds might suggest either an unspecific binding to cell membrane proteins by non-internalized polyphenolic moieties or a precise biochemical effect by PT through specific membrane receptors and/or defined signalling pathways within the cell. Further research is needed to unravel the biochemical and molecular mechanisms involved in PT digestion, bioavailability and cellular activity. Valorisation of phenolic compounds from brown algae could be of crucial importance in the case of a seaweed biorefinery where the initial fractionation of PT from the polysaccharide pool is required. Indeed, PT reduces drastically the production of either methane or ethanol from macroalgae (Horn 2009) , and this co-product of biofuel production presents potential application in functional food and could participate to the overall economical feasibility of a seaweed biorefinery.
In summary, our results demonstrate that the phenolic-rich extracts from brown seaweeds Ascophyllum and Himanthalia have the ability to protect human HepG2 cells against an oxidative challenge by reducing free radical activity and enhancing antioxidant defences. Therefore, seaweed and seaweed-derived products enriched in PT may contribute to the protection given by fruits, vegetables and plant-derived beverages against diseases in which oxidative stress has been implicated as a causal or contributory factor and could be used as bioactive ingredients in the production and development of functional foods. Further work is necessary to study the extract components better to associate the antioxidant mechanism to the biological activity of compounds present in this sample and to enable the isolation and identification of new molecules with higher antioxidant potential.
